In the present study, novel scheelite-type (tetragonal) LiCe(WO 4 ) 2 was synthesized through a solid-state reaction between Li 2 CO 3 , CeO 2 , and WO 3 . Rietveld refinement of the product indicated the presence of an almost single-phase material with crystal structure of the space group I4 1 /a, having parameters of a = 529. 
Introduction
Tungstates of the type A 2+ WO 4 and A + B
3+
(WO 4 ) 2 crystallize in either a tetragonal scheelite-type structure or a monoclinic wolframite-type structure, 1),2) depending on the ionic radii of the cations A and B. A or B sites in the scheelite structure have larger ionic radii, 3) as in the case of CaWO 4 . 4) A and B cations in scheelite-type AB(WO 4 ) 2 ( Fig. 1) are octacoordinated with oxide ions, with the W ion tetracoordinated, and with each of the cations A and B having a site occupancy rate of 0.5. 4) , 5) On the other hand, A or B in wolframite-type tungstate have smaller ionic radii, as in the case of ZnWO 4 .
6), 7) Here, each of the cations A and B, as well as W, is hexacoordinated with oxide ions, with A and B located at different sites. As described above, tungstates exhibit different crystal structures depending on ionic radii. LiLn(WO 4 ) 2 has either a scheelite or wolframite-type structure, depending on the ionic radius of Ln
: With Ln = LaTb, a scheelite structure is observed, and when Ln = DyLu and Y, a wolframite structure is observed. 4) However, LiCe(WO 4 ) 2 , which contains Ce 3+ , has been found to be triclinic. 8) Several studies have reported the triclinic structure of the tungstates LnClWO 4 (Ln = TmTb), 9) REBrWO 4 (RE = Y, GdDy, HoYb), 10) and
11) However, the scheelite-type structure of LiCe(WO 4 ) 2 has not been reported. In the present study, we demonstrated the synthesis of a new crystalline scheelite-type oxide, LiCe(WO 4 ) 2 and its structural analysis by Rietveld refinement. We found that LiCe(WO 4 ) 2 has potential use as a fluorescent material. As a host material of phosphor with high chemical stability, and, especially, a broad, intense ligandto-metal charge-transfer absorption band in the UV region, tungstate has attracted considerable attention. 12 Co., Ltd.), and CeO 2 (99.9%; Nippon Yttrium Co., Ltd.) were mixed in an agate mortar. The resulting NaCe(WO 4 ) 2 mixture was shaped into a pellet, which was then heated to 1073 K in an alumina boat for 12 h (250 K h ¹1 heating rate). Subsequently, the sample was quenched. The resulting YBO 3 :Ce 3+ pellet was calcined at 823 K and heated at 1323 K in air for 3 h.
Measurement
The samples thus prepared were analyzed by X-ray diffraction (XRD) measurements at room temperature using an Ultima IV with Cu K¡ source (Rigaku Co., Ltd.) at a scan speed 4°min
¹1
and a scan step of 0.04°. Crystallographic data were refined by Rietveld analysis using the computer program code RIETAN-FP.
15) X-ray photoelectron spectroscopy (XPS) was performed with a JPS-9010 with Al K¡ source (Rigaku Co., Ltd.). The specimen for XPS was mixed with 50 at% SiO 2 (Kishida Chemical Co., Ltd., special grade) to compensate for the offset peak shift. CeO 2 (99.9%; Nippon Yttrium Co., Ltd.) and Ce 2 (CO 3 ) 3 ·8H 2 O (99%; Mitsuwa Chemicals Co., Ltd.) were used as references. Photoluminescence spectra were recorded on a SPEX FluoroMax-3 spectrophotometer (Jobin Yvon Inc.). Figure 2 shows the XRD patterns of LiCe(WO 4 ) 2 thus synthesized, as well as those of the reference crystals. The XRD pattern of the synthesized sample is different from the that of previously reported triclinic structure, and instead shows agreement with patterns for tetragonal LiLa(WO 4 ) 2 . This result indicates that the synthesized sample has a tetragonal scheelite-type structure. Table 1 summarizes the relationship between reaction conditions and the products obtained. Attempts were made to synthesize LiCe(WO 4 ) 2 at 1073 K for 4 h; however, the secondary phase was observed under this condition. First, we expected excess Li 2 CO 3 to eliminate the secondary phase, thereby precluding the desired result. After attempting various conditions, we found that heating at 1073 K for 12 h with quenching was the optimum condition for obtaining the most neared single phase. XPS measurements indicate that Ce has a charge of 3+ in LiCe(WO 4 ) 2 , suggesting a tendency for lanthanoid contraction. Ce 3+ is a nonstoichiometric ion that is typically obtained in reactions performed under a reducing atmosphere. Nevertheless, heating under a reducing atmosphere affected the WO 4 units, thus preventing formation of the target product. Although we were unable to confirm the weak unknown phase, we hypothesized it to be Ce 4+ (Table 1) . Furthermore, quenching resulted in the inhibition of Ce 4+ and maintained Ce 3+ . Figure 3 displays the results obtained from crystal structure analysis: R wp = 12.41, R e = 9.19, R B = 4.39, R F = 2.52, and S = 1.35. Table 2 presents its refined crystal structure parameters. Table 3 shows diffraction data for LiCe-(WO 4 ) 2 , and Table 4 lists its typical interatomic distances and bond angles. 
Results and discussion

Synthesis and crystal structure refinement
Emission property
Emission spectra of LiCe(WO 4 ) 2 (Fig. 5) show a broad emission band in a wide range at an excitation wavelength of 235 nm and a sharp, similarly broad emission at 360 nm (b). This material only exhibits two 4f states, 2F 5/2 and 2F 7/2 , corresponding to Ce 3+ emission. 15) Several phosphors produce two peaks arising from transition from the first lowest excited 5d 1 level to two spinorbit splitting levels, 2F 5/2 and 2F 7/2 , of the 4f 1) ground state. 16) For instance, Y 0.99 BO 3 :0.01Ce 3+ produced two emission bands at 390 and 412 nm, respectively corresponding to 5d4f 1 (2F 5/2 ) and 5d 4f 2 (2F 7/2 ) transitions in Ce 3+ (Fig. 6) . In contrast, LiCe(WO 4 ) 2 showed only one broad emission. We hypothesize that this observed luminescence property is due to the combination of Ce . Figures 7 and 8 show the excitation spectra of LiCe(WO 4 ) 2 . As shown in Fig. 7 , a peak of the LiCe(WO 4 ) 2 excitation band at ³360 nm is due to the 4f5d transition of Ce 3+ .
Excitation of Ce
3+ at 360 nm produces two main peaks corresponding to 2F 5/2 and 2F 7/2 states in the emission spectra. If the sharp peak is related to the 2F 5/2 state, as in Fig. 5(b) , then the broad peak may indicate an effect on the 2F 7/2 state of Ce 3+ . As shown in Fig. 8 , excitation bands could be observed at 235 and 420 nm, respectively. The latter band may correspond to the transition of the 2F 7/2 state to WO 4 2¹ (Ce 3+ 5d4f ¼ 5d WO 4
2¹
). The broad emission in Fig. 5(a) is hypothesized to correspond only to the light-emitting effect of WO 4 2¹ , 17) with no contribution 
Conclusions
Novel scheelite-type LiCe(WO 4 ) 2 was synthesized through a solid-state reaction. We confirmed by Rietveld refinement that it .
